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The Space Shut t le  Orbi te r  is t h e  f i r s t  space vehicle designed t o  l a n d  l i k e  a 
conventional airplane, and, as such, it is  sub jec t ed  to  the  same crosswind effects as 
commercial  and mi l i ta ry  a i rp lanes .  As in  the case of conventional  airplanes,  cross- 
winds during approach and i n i t i a l  r o l l o u t  phases of the landing are  usual ly  manage- 
able because the pilot can maintain directional control by taking advantage of aero- 
dynamic forces.  As ground  speed is reduced, however, aerodynamic forces  become less 
e f f ec t ive ,  and t h e  p i l o t  must r e ly  upon d i f fe ren t ia l  b rak ing  or nose-gear s t e e r i n g  t o  
provide the desired spacecraf t  heading on t h e  runway. The response of t h e  Space 
S h u t t l e  t o  nose-gear s teer ing  input  is defined, in part ,  by the cornering character-  
istics of t h e  nose-gear t ire;  thus,  a need ex i s t s  t o  e s t ab l i sh  these  co rne r ing  cha r -  
a c t e r i s t i c s  under realist ic operating conditions.  
The purpose of t h i s  paper is t o  p r e s e n t  r e s u l t s  of an inves t iga t ion  of t h e  
cornering character is t ics  of the  32 X 8.8 nose-gear t ire of t h e  Space Shut t le  Orbi ter  
on a dry concrete runway. These cha rac t e r i s t i c s ,  which included side and  drag  forces 
and f r i c t ion  coe f f i c i en t s ,  a l i gn ing  and overturning torgues,  f r ic t ion-force moment 
arm, and the  la te ra l  cen ter -of -pressure  sh i f t ,  w e r e  obtained over a range of yaw 
angles from O o  t o  12O and t i r e  ve r t i ca l  l oads  from 22 k N  ( 5 0 0 0  l b f )  t o  133 k N  
( 3 0  000 lbf) .  This range of yaw angles and vertical  loads spans the expected 
envelope of loads and yaw angles t o  be encountered during Space Shuttle landing 
operations.  The tests were  conducted a t  ground  speeds t h a t  ranged from 5 0  t o  
100 knots ( 1  knot = 0.5144 m/sec). 
SYMBOLS 
Values are  given in  both the Internat ional  System of Units ( S I  ) and in  the  U. S. 
Customary Units. The measurements  and ca lcu la t ions  were made i n  t h e  U.S. Customary 










drag force parallel  t o  plane of wheel 
side force perpendicular t o  plane of wheel 
t i re  ve r t i ca l  fo rce  
axle  height  
overturning  torque 
a l ign ing   to rque  
f r i c t ion - fo rce  moment arm 
carr iage or ground  speed 





coe f f i c i en t s  of curve-f i t t i ng   equa t ions  
d rag - fo rce  f r i c t ion  coe f f i c i en t ,  pa ra l l e l  t o  p l ane  of wheel 
s ide- force  f r ic t ion  coef f ic ien t ,  perpendicular  t o  plane of wheel 
t i r e  yaw angle 
APPARATUS AND TEST  PROCEDURE 
Test Tires 
The t i r e s  used i n  t h i s  i n v e s t i g a t i o n  were 32 x 8.8, type V I I ,  b ias-ply aircraf t  
t i r e s  of 20-ply rat ing with a maximum speed rating of 217 knots and a three-groove 
t r ead  pa t t e rn .  A photograph of two test  tires having new and worn t r eads  is pre- 
s en ted  in  f igu re  1. The  worn t ire is shown unmounted and thus unpressurized. The 
new t i re  which had an o r ig ina l  groove depth of 0.25 cm (0.1 in.  ) is shown  mounted 
and pressurized. During the course of t h i s  i nves t iga t ion ,  t he  t es t  t i re  was changed 
when t h e  t r e a d  was completely worn off and, thus, a t o t a l  of t h ree  tires were used. 
Throughout the invest igat ion,  the t i r e  in f l a t ion  p res su re  was maintained a t  t h e  
nominal operat ional  pressure of 2.07 MPa (300 ps i ) .  
T e s t  F a c i l i t y  
The inves t iga t ion  w a s  performed on the  48 000 kg (106 000 lbm) t e s t  c a r r i a g e  a t  
t h e  Langley Aircraft Landing Loads and Trac t ion  Fac i l i ty  descr ibed  in  re ference  2. 
Figure 2 is a photograph of the carriage with the test-wheel assembly i n s t a l l e d ,  and 
f igu re  3 is  a close-up view of t h e  t i r e  and wheel mounted within the instrumented 
dynamometer used t o  provide accurate measurements of the t i re-ground forces .  
For t h e  tests described in this paper, approximately 122 m (400 f t )  of t h e  
ava i lab le  366 m ( 1200 f t )  of t he  f l a t  conc re t e  runway  was used t o  provide cornering 
data. The concrete surface in the test  area had a l i g h t  broom f i n i s h  i n  t h e  t r a n s -  
verse direction that provided an average texture depth of 159 ym (0.00626 in .  ), 
s l igh t ly  less  than  tha t  of a typ ica l  opera t iona l  runway. The tes t  runway w a s  l eve l  
(no crown)  and, f o r  a l l  tests, the surface w a s  kept  dry. 
Instrumentation 
Tire f r i c t ion  fo rces  were measured with the dynamometer  shown i n  f i g u r e  3 and 
i l l u s t r a t ed  schemat i ca l ly  in  f igu re  4. S t r a i n  gages were mounted on t h e  f i v e  dyna- 
mometer support beams: two of the  beams w e r e  used t o  measure ve r t i ca l  fo rces ,  two 
were used for  measuring drag forces  paral le l  to  the wheel plane, and a s ing le  beam 
w a s  used t o  measure s ide force perpendicular  to  the wheel plane. Three acceler- 
ometers on the tes t -wheel  axle  provided information for  iner t ia  correct ions to  the 
force data.  An e lec t ronic  in te rva l  timer provided a measure of the  car r iage  speed. 
A slide-wire potentiometer was used t o  o b t a i n  a measure of drop carriage displacement 
and ind i rec t ly  to  provide  a measure of axle height.  A l l  data outputs were f ed  in to  
s ignal  condi t ioning equipment and then  in to  a frequency-modulated tape recorder. 
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Test Procedure 
The tes t ing technique consis ted of ro t a t ing  the  dynamometer and wheel assembly 
t o  the  p re se l ec t ed  yaw ang le ,  p rope l l ing  the  t e s t  ca r r i age  to  the  des i r ed  speed, 
lowering the t i r e  onto the dry runway and applying the selected vertical load, and 
recording the outputs  from t h e  on-board instrumentation. The yaw angle of t h e  wheel 
assembly, held constant  for  each test run,  ranged from O o  t o  12O i n  2 O  increments 
w i th  add i t iona l  t e s t s  a t  a yaw angle of l o .  The nominal carriage speeds ranged 
from about 43 t o  104 knots and w e r e  measured when the  maximum ve r t i ca l  l oad  was 
a t ta ined .  Tire ver t ica l  loading  was varied hydraulically through a range from zero 
t o  147 kN (33 000 l b f )  and then back t o  zero during the course of a t y p i c a l  run, and 
the  loading  ra te  w a s  approximately 133 kN/sec (30 000 lb f / sec) .  
Data Reduction 
All data  were recorded on analog magnetic tape f i l t e r e d  t o  1000 Hz. The analog 
data were then processed through a low pass f i l t e r  (cu tof f  f requency  of 60 Hz 1, dig- 
i t i z e d  a t  250 samples per second, and used t o  generate t ime-history plots for data 
analysis .  From these digi t ized data ,  direct  measurements  were obtained of the  drag 
force  (sum of two drag beams), t h e  s i d e  f o r c e ,  t h e  v e r t i c a l  f o r c e  a p p l i e d  t o  t h e  t ire 
(sum of two v e r t i c a l  beams 1, the vertical  displacement of t he  drop carr iage,  and t h e  
ver t ical ,   drag,   and  s ide  accelerat ions of t h e  dynamometer.  The instantaneous 
ver t ica l - ,  drag-,  and side-force data w e r e  corrected for  accelerat ion effects  and 
combined as  necessary  to  compute both the instantaneous drag-force friction coeffi- 
c i e n t  p a r a l l e l  t o  t h e  p l a n e  of t he  wheel and the  s ide- force  f r ic t ion  coef f ic ien t  
perpendicular t o  the  p lane  of t h e  wheel. The load  t ransfer  between t h e  two drag- 
force beams (see fig.  4) provided a measure of the al igning torque about  the ver t ical  
o r  s t e e r i n g  a x i s  of t h e  wheel. The load  t ransfer  between t h e  two ver t ical-force 
beams (again see fig.  4) provided a measure of the overturning torque about the axis 
mutually perpendicular with the vertical  and rotation axes.  The la teral  center-of-  
pressure  sh i f t  of the  ver t ica l - load  pressure  d is t r ibu t ion  due t o  yawed r o l l i n g  w a s  
defined by 
where h w a s  the   height  of the   ax le  above the  runway surface.  The f r ic t ion- force  
moment arm q (see re f .  3 f o r  d e f i n i t i o n )  due t o  yawed r o l l i n g  w a s  defined by t h e  
equation 
A least-squares  fa i r ing technique (see ref .  4)  w a s  used t o  smooth the  d ig i t i zed  
data  from  each  run. In  this  application,  seventh-order  polynomial  l ine segments 
were f i t t e d  t o  the data  where each l i n e  segment was faired through 40 da ta  poin ts  
with a 10-point  overlap  between  each segment. Linear  interpolat ion w a s  used t o  
insure a smooth t r a n s i t i o n  between l i n e  segments within each overlap region, and 
e i g h t  l i n e  segments were necessary t o  f a i r  t h e  d a t a  f o r  each second of test  dura- 
t ion .  The e f f e c t  of t h i s  smoothing routine was t o  limit the frequency response of 
t h e  data t o  24 Hz without introducing the phase shifts associated with electronic 
f i l t e r s .  
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The influence of the fai r ing technique on the data  from a typ ica l  run is i l l u s -  
t r a t e d  i n  f igure 5. Figures  5(a)  and 5(b)  a re  t ime h is tor ies  of the unsmoothed  and 
smoothed side force,  respectively,  and f igu res  5 (c )  and 5(d)  a re  t ime h is tor ies  of 
the unsmoothed and smoothed ver t ical  force,  respect ively.  The s ide force is p lo t ted  
a s  a function of t he  ve r t i ca l  fo rce  i n  f igure  5(e)  before  smoothing and i n  f ig-  
u r e  5 ( f )  a f t e r  smoothing. The var ious cornering character is t ics  from  each run were 
p lo t ted  as  a function of ver t ica l  force ,  and discrete  data  points  were chosen a t  pre- 
selected vertical-force values (dashed vertical  l ines i n  f i g .  5 ( f ) )  t o  e s t a b l i s h  t h e  
influence of parameter variations on t i re  corner ing  charac te r i s t ics .  
RESULTS AND DISCUSSION 
Data from the yawed-rolling tests conducted on the  nose-gear t i r e  of t he  Space 
Shuttle Orbiter are presented i n  tab le  I together with the corresponding test con- 
di t ions.  For  purposes of discussion, these data are also presented i n  f igures  6 
t o  13. The t e s t s  examined the effects  of three  parameters - t i r e  v e r t i c a l  load, yaw 
angle, and ground speed - on the  charac te r i s t ics  of s ide and drag forces, aligning 
and overturning torques,  friction-force moment arm, and lateral  center-of-pressure 
s h i f t .  The data are presented i n  the  form of c a r p e t  p l o t s  t o  i l l u s t r a t e  f u n c t i o n a l  
re la t ionships  between the  charac te r i s t ics  and the tes t  parameters .  I n  the carpet 
p lo t s ,  each cha rac t e r i s t i c  is presented as a function of both ver t ical  load and yaw 
angle, and the ground  speed is ident i f ied  by tes t -point  symbols.  Lines of constant 
load and constant yaw angle were t h e n  f i t t e d  t o  t h e  d a t a  i n  a weighted least-squares 
fashion to serve as an interpolation aid.  The coef f ic ien ts  of bicubic interpolation 
equations for each charac te r i s t ic  a re  presented  i n  t ab le  11. A glossary of terms 
used i n  the study of t i r e  mechanical propert ies  is presented i n  reference 3. Sub- 
sequent paragraphs discuss i n  de t a i l  t he  e f f ec t s  of t i r e  ve r t i ca l  l oad ,  yaw angle, 
and ground speed on the cornering character is t ics  of the Space Shuttle nose-gear 
t i r e .  
Side Force 
The ef fec t  of the  test   parameters on the developed side  force Fs is pre- 
sented i n  f igure 6 where the s ide force is measured normal t o  t h e  wheel plane (as 
opposed to  corner ing force which is measured normal to  the  d i rec t ion  of motion). 
When  yaw angle is held constant,  side force increases with increasing vertical  load 
and generally reaches a maximum a t  ver t ica l  loads  between 89 kN ( 2 0  000 lbf 1 and 
133 kN (30 000 l b f ) .  This figure also shows tha t  t he  e f f ec t  on s ide force due t o  
changes i n  the vertical  load become  more pronounced as yaw angle is increased. As 
expected, increasing yaw angle while holding vertical load constant increases the 
side  force  regardless of the  vertical   load. A t  low vert ical  loadings,  however, the  
side force appears to reach a maximum around the  maximum  yaw angle tested. N o  dis- 
cernible  trends  are  evident wi th  var ia t ions i n  ground  speed.  Frequently,  during 
high-yaw-angle t e s t s ,  t h e  lower vertical-load test  points are reached i n  the loading 
process before the t ire has fully spun  up. When t h i s  condi t ion exis ts ,  the  s ide 
force and other  corner ing character is t ics  are  negl igibly small  (see f ig .  5(f) ,  for  
example), and these data were not included i n  t h i s  r epor t .  
Since side-force data are generally presented i n  dimensionless form, they were 
divided by the respective vertical  load on t h e  t i r e .  This  process yielded, by def- 
in i t ion ,  s ide- force  f r ic t ion  coef f ic ien ts  us, which are presented i n  the carpet  plot  
of f igure 7. For f ixed yaw angles,  there is a decrease i n  1-1, with  increasing  ver- 
t i c a l  load. The f igure   a l so  shows tha t   fo r  most f ixed  ver t ical   loads,  us increases 
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as t h e  yaw angle is increased.  For  the l ight ly  loaded t i re  (44.5 kN (10  000 lbf ) 1, a 
peak va lue  in  us of 0.57 is observed a t  approximately 8 O  which is in  close  agree- 
ment with the value of 0.60 predicted by equation (88) in reference 5. A s  t h e  t ire 
ver t ica l  load  increases ,  the  yaw angle  for maximum ps increases;  and f o r  t i r e  
ver t ica l  loads  grea te r  than  89 kN (20 000 l b f ) ,  t h e  peak i n  ps  is reached a t  yaw 
angles which are beyond. the range tes ted in  this  invest igat ion.  Again, no t rends due 
t o  v a r i a t i o n  i n  ground  speed are evident.  These t rends are s imi l a r  t o  the  t r ends  
observed in  r e fe rence  3. 
Drag Force 
The e f f e c t  of t he  test  parameters on the  developed  drag  force Fd is presented 
i n  f i g u r e  8 where the drag force is  measured p a r a l l e l  t o  t h e  wheel plane. When t h e  
yaw angle is held constant ,  drag force general ly  increases  with t i re  ver t ical  load.  
Increas ing  the  yaw angle while holding the vertical  load constant generally decreases 
the drag force.  For the l ightly loaded case (44.5 kN ( 10 000 lbf 1, a minimum drag 
force  is observed around 8O; and for the heavily loaded case (1 33 kN (30 000 lbf ) 1 ,  a 
peak drag force is observed a t  approximately 6 O .  Dividing the drag force by t h e  
respect ive t ire vertical  load produces the drag-force friction coefficient pd, and 
values of t h i s  coe f f i c i en t  a r e  p re sen ted  in  f igu re  9. These coeff ic ients  represent  
ro l l ing  res i s tance  va lues ,  and their  absolute values are usually below 0.05.  Con- 
s ide rab le  sca t t e r  is observed in  the  da t a  fo r  sma l l  yaw angles (less than 2 O ) ,  and no 
d i sce rn ib l e  t r ends  a re  e s t ab l i shed  in  th i s  yaw-angle range.  For  fixed yaw angles 
between 4 O  and 1 2 O ,  p d  increases  with  increasing  vertical   oad. When t h e   v e r t i c a l  
load is  held constant,  pd  generally  decreases when t h e  yaw angle is increased from 
4 O  t o  1 2 O .  For t h e  66.7-kN (15  000-lbf)  vertical   oad  case,  a minimum p d  value is 
observed between I O o  and 1 2 O ;  and for the heavily loaded case,  a maximum pd  value 
i s  observed between 4O and 6O.  No t rends due t o  v a r i a t i o n  i n  t h e  ground  speed a r e  
observed  for   e i ther  Fd o r  pd. 
Aligning Torque 
Aligning  torque MZ is defined  as  the  torque  developed  about  the  steering  axis 
of a  yawed t i r e .   P o s i t i v e  MZ is  considered  self-aligning;  that  is, it tends t o  
reduce yaw angle. Aligning torques for the Shuttle Orbiter nose-gear t ire are pre- 
s en ted  in  f igu re  10. The f igu re  shows t h a t  when the  yaw angle i s  held constant,  
a l igning torque general ly  increases  with increasing ver t ical  load.  This  t rend is  
r eve r sed  fo r  t he  l i gh t ly  loaded  t i r e  a t  high yaw angles. When ver t ical  load is held 
constant and yaw angle is increased from zero,  aligning torque increases rapidly,  
reaches a maximum, and then decreases  with fur ther  increases  in  yaw. For several  
condi t ions ,  spec i f ica l ly  when the  t ire was l ightly loaded and a t  high yaw angles ,  the 
torque is negat ive;   that  is, no longer  self-aligning.  In  general ,   the  aligning 
torque appears t o  reach a maximum value a t  yaw angles between 2 O  and 6 O .  Figure 10 
a l s o  shows tha t  a l ign ing  torque  is insens i t i ve  to  va r i a t ions  in  ground  speed.  These 
t rends are consistent with data from references 3 and 6. 
Overturning Torque 
The torque which t e n d s  t o  tilt the  wheel plane away from t h e  v e r t i c a l  is  
r e fe r r ed  t o  as overturning  torque Mx. The carpe t  p lo t  of f i gu re  11  shows t h e  
e f f e c t s  t h a t  v e r t i c a l  l o a d  and yaw angle  have on Mx over a range of ground  speed. 
A t  small yaw angles (less than 4O 1 the overturning torque reaches peak values  for  
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t i r e  v e r t i c a l  l o a d s  between 89 kN and 133 kN (20 000 lbf and 30 000 l b f ) ;  a t  h ighe r  
yaw angles the overturning torque increases with increasing vertical  load. Figure 1 1  
a l s o  shows that, as expected, an increase i n  yaw angle a t  a f ixed  ver t ica l  load  
increases the overturning torque and tha t  t he  r a t e  of increase generally increases as 
the  ver t ica l  load  becomes larger.  These t rends are  s imilar  t o  those reported i n  
reference 4. A s  i n  the case of the other  character is t ics ,  there  appears  to  be no 
d iscern ib le  e f fec ts  due t o  ground-speed variations.  
Friction-Force Moment A r m  
The f r ic t ion- force  moment  arm q is the dis tance from the  f r ic t ion- force  
resu l tan t  vec tor  to  the  s teer ing  ax is  and is considered positive when t h e  f r i c t i o n  
force acts along a l i n e  behind the steering axis.  The f r ic t ion- force  resu l tan t  
vector and moment  arm represent a force system which is s t a t i ca l ly  equ iva len t  t o  the  
actual  forces  and moments i n  the-footpr int .  Fr ic t ion-force moment arms computed from 
the data of t hese  t e s t s  a r e  p lo t t ed  i n  f igure 12 t o  show the  e f fec t  of the various 
t e s t  parameters. The  moment  arm increases w i t h  increasing ver t ical  load on t h e  t i r e  
and generally decreases with increasing yaw angle. The  moment  arm is i n s e n s i t i v e  t o  
ground-speed var ia t ions.  A t  high yaw angles and a t   l igh t   loads ,  q is negative,  as 
expected, since the aligning torque (fig.  10) is negat ive at  these tes t  condi t ions.  
Center-of-Pressure Shift 
Li t t le  information is available i n  t h e  l i t e r a t u r e  on l a t e r a l  movement  of t he  
center  of p re s swe  i n  t h e  t i r e  f o o t p r i n t  under yawed-rolling conditions because of 
the  severe  instrumentation demands to  acquire  that   parameter.  However, measurements 
of the  la teral   center-of-pressure  shif t  yc were obtained i n  t h i s  i nves t iga t ion  
and are presented i n  f igure 13 as a function of ver t ical  load and yaw angle. For yaw 
angles below 8 O ,  yc appears t o  be f a i r l y  i n s e n s i t i v e  t o  v a r i a t i o n s  i n  t h e  v e r t i c a l  
load; and fo r  yaw angles above 8 O ,  yc appears t o  inc rease  w i t h  increas ing  ver t ica l  
load. AS t he  yaw angle is increased from O o  , yc increases  rapidly,   but  the  rate 
of increase reduces at the higher yaw angles. For the lightly loaded case, a  peak 
i n  yc is  observed a t  a yaw angle of about 8O. Once again, yc appears t o  be 
in sens i t i ve   t o  ground-speed variations.  The var ia t ion of yc  with yaw angle and i ts  
i n s e n s i t i v i t y  t o  ground-speed changes are consistent with the data of reference 3. 
CONCLUDING REMARKS 
A n  experimental investigation was conducted to evaluate the cornering charac- 
t e r i s t i c s  of the 32 X 8.8 nose-gear t i r e  of the Space Shut t le  Orbi ter .  Data  were 
obtained on a dry concrete runway a t  nominal ground speeds ranging from 50 t o  
100 knots and over a range of t i r e  ve r t i ca l  l oads  and yaw angles which span the  
expected envelope of loads and yaw angles t o  be encountered during Space Shuttle 
landing  operations. The cornering  characteristics  investigated  included  side and 
drag forces and f r ic t ion  coef f ic ien ts ,  a l ign ing  and overturning torques,  friction- 
force moment arm, and the la teral  center-of-pressure shif t .  
The r e su l t s  of this  invest igat ion indicate  that  the cornering character is t ics  of 
the Space Shut t le  nose-gear t i r e  a r e  i n s e n s i t i v e  t o  v a r i a t i o n s  i n  ground speed over 
t h e  range tested. The e f f ec t s  on cornering character is t ics  of var ia t ions i n  t h e  t i r e  
6 
ver t i ca l  l oad  and yaw angle are as expected. Trends observed are consistent with 
trends observed during previous cornering tests involving other t ire s izes .  
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
August  13, 1981 
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TABLE I.- SUMMARY OF TEST  CONDITIONS  AND  TIRE  CORNERING  CHARACTERISTICS 
FZ 
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TABLE I.- Continued 














































111.21  25000 
133.45 m000 







































































































































































































































































































































































































































































































8.23  3.24 
TABLE I.- Continued 
v, 
knots 
Y c  Fd 
kN lbf 
- .51  -115 
. 2 4  5 3  
4 . 1 9  9 4 3  
. 5 9  132 




2 . 9 0  652  
4 . 5 1  1 8 x 3  
- .04  -9 
2 . 5 1  564 
2 . 8 2  634  
-.55 -123 
1 . 1 8  264 
3 . 4 9  784 
2 . 6 7  5 9 9  
5 . 9 2  1330 
FS 
]cN lbf 
2 5 . 2 4  5674 
3 4 . 1 6  7 6 7 8  
4 2 . 1 1  9 4 6 7  
4 4 . 5 8  l a 0 2 2  
4 4 . 7 2  10053 
2 3 . 7 3  5 3 3 5  
3 9 . 3 7  8 8 5 0  
4 2 . 5 2  9 5 5 9  
3 4 . 4 3   7 7 4 0  
42 .66   9590  
4 3 . 6 2  9806 
4 8 . 1 5  10824 
2 6 . 3 4  5921 
35.53 7987 
4 2 . 1 1  9467 
4 6 . 2 3  10392 
4 5 . 4 0   1 0 2 a 7  
44.85  10084 
2 3 . 1 8  5211 
4 2 . 2 5  9 4 9 8  
4 4 . 9 9  10115 
35 .94   8079 
Mz 
N-m in-lbf 
-348.4  -3084 
-156 .8  -1388 
2 9 6 . 1  2621 
1 2 5 4 . 3  1 1  1 0 1  
2404.0 21278 
6 9 . 7  617  
191 .6  1696 
609.7  5396 
1 1 6 7 . 2  1 a 3 3 a  
1 9 8 5 . 9  17577 
1 8 4 . 5   9 2 5
1898.8  16 06 
-209 .0   -1850  
2 2 6 . 5  2004 
2073. a 18348 
1 ~ 6 2 . 7  9405 
3 1 3 . 6   2 7 7 5  
-470 .4   -4163 
139.4  1233 
5 2 . 3  4 6 3  
7 3 1 . 7  6 4 7 6  
1 6 5 5 . 0  14648 
2 1 0 7 . 9  18656 
-522.6  -4 26 
cm in. c m  in. 
7 5  
7 9  
1 as 
1 0 0  
1 0 1  
7 4  
7 4  
9 8  
100 
7 6  
2 .44  
1 . 5 0  
3 . 5 3  
3 . 5 1  
3 . 6 1  
3.81 
4 . 5 0  
4 .60  
4 . 2 9  
3 . 8 4  
3.15 
3 . 5 6  
3 .02  
2 .06  
2 . 8 4  
3.58 
3 . 9 4  
3 . 8 6  
4 .42  
4 . 1 1  
4 . 6 5  
4 . 7 2  
4 . 0 4  
3 . 6 8  
4 . 6 7  
4 . 7 8  
4 .90  
3 . 2 8  
4 . 4 7  
4 . 8 8  
2 . 8 7  
4 . 1 7  
4 . 4 7  
4 . 7 8  
3.68 
4 . 6 7  
4 . 4 2  
4 . 2 4  
5 . 1 6  
5 . 3 1  
5 . 8 2  
4 .80  
4 .70  
. 5 9  
.96  
1 .39  
1.38 
1 .42  
1.50 
-1 .35  
-.46 
2 . 8 7  
. 7 1  
5 . 2 8  
. 2 8  
. 6 4  
2 . 7 7  
1 . 6 0  
4 . 6 5  
.18 
3 . 5 8  
I . 7 a  
-1 .70  
- .53  
. 6 4  
2 . 2 4  
4 . 5 7  
0.00 
3.05 
. 4 6  
1 . 7 0  
4 . 8 3  
-1 .42  
. 1 8  
.99  





-2 .16  
-1.35 -. 64 
1 . 1 7  
-.53 
. 4 6  
2 . 1 6  
- . E 1  -. 3 6  
1 . a 7  
. l a  
- .53 -. 18 
. 2 8  
1 . 1 3  
2 . 0 8  
. l l  
. 2 5  
. 6 3  
1.09  
1 . 8 3  
. 0 7  
. 6 7  
1 . 4 1  
- . 6 7  
- .21  
. 2 5  
.88 
1 . E a  
0. aa 
1.20  
. 1 8  
. 6 7  
1 . 9 0  
-. 5 6  
. 3 9  
.99  
- .28  
. 1 4  
1 . 2 0  
.56  
- . E 5  
"53 -. 25 
. 4 6  
- .21 
.18 
. 4 2  
. 8 5  
- .32  -. 14 
. 0 4  
. a 7  
- 7 7  
.81 
. 6 9  
.51 
. 2 4  
. 1 9  
. 4 a  
.B1 
1 . 1 2  
1 . 4 1  
1 . 5 5  
1.52 
1.74 
1 . 6 2  
1.83 
1 . 8 6  
1 . 5 9  
1 . 1 4  
1 . 4 1  
2 . 7 8  
3 . 6 1  
5 . 5 3  
1 . 5 7  
3 . 6 1  
6 . 1 5  
. 5 9  
2 . 5 9  
3 . 8 0  
1 .57  
. 1 6  
1 . 9 2  
4 . 3 1  
. 2 4  
1 . 2 1  
1 . 9 2  
3 . 5 3  
1 . 3 3  
. 6 3  
2 . 4 3  
4 . 7 0  

















5 3  
2 7 3  
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1 4 3 . 6 2  
3 5 . 9 4  
4 8 . 1 5  
5 2 . 5 4  
5 4 .   a 4  
3 2 . 3 7  
4 3 . 0 7  
4 9 . 6 6  
5 2 . 4 0  




1 8 1  1 
7 2 7 8  
9 6 8 3  
1163 
1 7 8 0  
. 4 5  
. 8 4  
.88 
. 9 3  
. 2 9  
. 7 6  
. 8 9  
. 9 2  
. 1 3  
. 6 4  
. 7 6  
.88 
. 4 5  
.85 
6 9 . 7  617 
5 2 2 . 6  4626 









- 7 8 3 . 9  -6938 
- 6 2 7 . 1  -5551 
- 2 9 6 . 1  -2621 
5 9 2 . 3   5 2 4 2  
- 1 7 4 . 2  -1542 
1 9 1 . 6  1696 
4 8 7 . 8  4317 
8 7 1 . 0   7 7 0 9
- 2 6 1 . 3  -2313 




1 . 7 4  
3 3 . 6 1  7 5 5 5  
4 2 . 3 9  9 5 2 9  
4 5 . 1 3  10145 
4 6 .  sa 10454 
33 .06  7432 
5 2 . 9 5  1 1903 
4 3 . 2 1  9714 
5 7 . 6 1  12952 
2 .03  
2 - 0 9  
1 .67  
2 . 2 9  5 7 4 . 9   s a 8 8  
5 2 . 3   4 6 3






N ( l b f )  
t- c m  f i n . )  
I 
c m  ( i n . )  
q. 
L 
7 - 3 L i 4 1 6  X lo3 
U.S. (-7.5123 X lo2) 
SI -3.1045 X lo-' 
U.S. (-3.1045 X lo-' 
SI 9.4574 x 102 
U.S. (2.1261 X lo2) 
SI 3.8969 X 
U.S. (3.8969 X 
SI 1.9507 X 10 
U.S.  (1.7265 X lo2) 
SI -1.3149 
U.S.  (-5.1769 X 10-1 
1.1223 X 10 
TABLE 11.- BICUBIC 
[Characteristic = Bo + BIFz + B2~, 2 + B 3 ~ Z  3 
B l  - ... . - 
9.4981 X 
(9.4981 X 















C o e f f i c i e n t s   o f  B f o r  - 
B2 
-7.8146 X lo-' 
:-3.4761 X 
-3.7580 X 
-7.4358 x 10-11 
1.9823 X 
(8.8179 X 
-3.8621 X 1 0 - l ~  
-7.6418 X 




-2.3572 X 10-l' 
-1.8363 X 
~ 
6.8968 X 10-l' 


















3.3435 X lo3 
(7.5165 X lo2) 
0.16670 
(0.16670) 
-5.8040 X lo2 
-1.3048 x lo2) 
-9.9506 X 
-9.9506 X loe3 
1.7663 X lo2 
(1.5633 X lo3) 
7.1965 X lo2 
(6.3694 X lo3) 
-~ 
8.3236 X 10 
(3.2770 X 10-l) 
-2.9192 
- 1.1493) 
aBoundary  values  of c h a r a c t e r i s t i c ,  0 when FZ = 30 000, 25 000, 20 000, 15 000, 10 000, 5000, and 
0 l b f   w i t h  J, = Oo; and when $ = lo, 2",  4O, 6 O ,  8 O ,  l o o ,  and 12O with  F, = 0 f o r  a t o t a l   o f  
14 a d d i t i o n a l  p o i n t s  t o  w e i g h t  b o u n d a r y .  
w i t h  J, = Oo; r e p e a t e d   f o r  a t o t a l  o f  167 a d d i t i o n a l   p o i n t s   t o   w e i g h t   b o u n d a r y .  
-bBoundary   va lues   o f   cha rac t e r i s t i c ,  0 when F, = 30 000, 25 000, 20 000, 15 000, 10 000, and 5000 l b f  
'No boundary value weight ing used.  





-9.1871 X 10- l )  
-1.2407 X lo-' 
-1.2407 x lo-') 
~ 
6.7920 X 10 
(1.5269 X 10)  
~~ 
3.3772 X l o W 4  
(3.3772 X 
-6.2965 x 10 
-5.5729 X 10') 
-1.0123 X 10' 
-8.9600 X 10') 
-9.8064 X lo-' 
-3.8608 X lo-') 
1.8707 X 10-1 
(7.3653 X lo-') 






1.0984 X 10-1 
(2.4694 X lo-') 
1.5060 X 
(1.5060 X loW5) 
4.9674 
(4.3965 X 1 0 )  
3.5308 







6.9333 X lo-' 





9.0355 X lo-' 
(4.0192 X 
3.8097 X 
(1.4999 X 10-1 












-6.8720 X lo-' 
(-3.0568 X 
-7.0523 X 
(-2.7765 X lo-') 
~~ 
-9.2192 x 10-4 
(-3.6296 X lo-') 
5.1351 X 









6.8798 X lo-' 
(3.0603 X 
1.7479 X 




[-1.2676 X l o p 5 )  
-7.6350 X 
:-2.6742 X 10-l' 
. 
-1.8610 X 
:-1.4497 X 10-l' 
T 
Number o f  d a t a  










londi t ior  
( a )  
13 
L-81-3256.1 
Figure 1.- New and worn tread condition of three-groove, 32 x 0.8, type VII, nose-gear test  
t i r e  of Space Shuttle. 
L-69-5860 2 
Figure 2.- Photograph of carriage with test-wheel assembly instal led.  
L-80-4387 .i 
Figure 3.- Photograph of test tire and  instrumented  dynamometer. 
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Figure 5. - Data fair ing technique.  Yaw angle , IOo ; ground speed, 100 knots. 















Vertical load, Fz, and yaw angle, $ 
Figure 6.- Variation of side force wi th  vertical  load and yaw angle over a range of ground speed. 
h, 
0 
.6 V, knots 
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Vertical load, Fz, and yaw angle, @ 
Figure 7.- Variation of s ide-force fr ic t ion coeff ic ient  with ver t ical  load and yaw angle Over  a 
range of ground speed. 
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Vertical load, Fz, and yaw  angle, rC, 













n 100 0 
o 
n 
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Vertical load, Fz, and yaw  angle, # 
I 
Figure 9.- Variation of drag-force friction  Coefficient  With  Vertical  load  and  yaw  angle  over 
a  range of ground speed. 
h, 
W 




n 100 0 
n A 
a -1 I 
Vertical load, Fz, and yaw angle, (I, 















Vertical load, Fz, and yaw angle, 0 
Figure 11.-  Variation of overturning  torque  with vertical load and  yaw  angle over 
a range of ground speed. 
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c - 4  
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Vertical load, Fz, and yaw angle, fl 
Figure 12.- Variation of  friction-force  moment  arm with vertical  load and  yaw angle Over 
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Vertical load, Fz, and yaw angle, # 
Figure 13.- Variation  of  lateral  center-of-pressure  shift  with  vertical  load  and y w angle Over 
a  range of ground speed. 
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